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Contamination of processed frankfurters with Listeria monocytogenes occurs 
between the removal of the casing and the packaging steps.  Every year, this 
contamination causes numerous recalls and several cases of listeriosis.  The purpose of 
this study was to combine a lactic acid treatment and the application of post-packaging 
steam to reduce L. monocytogenes populations on vacuum packaged, refrigerated mixed 
meat frankfurters.  Changes in color and texture of frankfurters after treatment were also 
monitored.    
  In Part I of the study, frankfurters were inoculated with a five-strain mixture of L. 
monocytogenes (log 7 CFU/frankfurter). After 24 hours, the surface of the frankfurter 
was treated with a lactic acid (0, 0.5 and 1.5%) dip for 10 seconds.  The frankfurters were 
then vacuum packaged and treated with 85±5°C steam for 0, 1, 2 or 4 minutes.  L. 
monocytogenes was enumerated on modified oxford agar (MOX) and tryptose phosphate 
agar (TPA).  Populations were compared to those on untreated frankfurters. Results of 
this study indicate that lactic acid alone had no significant effect on bacterial populations 
(p>0.05).  Steam treatment significantly decreased bacterial populations (p<0.05), but 
also increased the hardness and toughness of frankfurters. 
 For the second part of the study the study (Part II), the length of the lactic acid 
treatment was increased to three minutes and used only at a concentration of 1.5% and 
0% as control.  Steam treatment times were reduced to 0, 0.5, 1, and 1.5 minutes.  Lactic 
acid reduced L. monocytogenes populations (p<0.0001), but this longer contact (3 min) 
with lactic acid also affected color and texture of frankfurters (p<0.05). Steam treatment 
also decreased bacterial populations (p<0.05).  These results demonstrate that a 
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combination of steam and lactic acid can be used to decrease populations of L. 
monocytogenes on vacuum packaged frankfurters and could be of use in frankfurter 
manufacturing.   
 iv
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According to the National Sausage and Hot Dog Council (2001), Americans 
consumed more than 20 billion frankfurters in 2000.  Nine billion of these were 
purchased in retail stores.  Although many are labeled with instructions to cook 
thoroughly, frankfurters are considered by many to be ready-to-eat and are often eaten 
without reheating or proper reheating (Wang and Murina 1993).  Eating uncooked 
frankfurters causes concern because of the possibility of Listeria monocytogenes 
contamination on their surfaces.   
Often, contamination of frankfurters occurs between the removal of the casing 
and packaging (Wenger 1990).  At this point, the frankfurters have undergone their final 
cooking step so any contamination that occurs at this time poses a health risk to 
consumers.  Pasteurizing frankfurters, after they are packaged, can eliminate this problem 
by reducing the number of bacteria and help to ensure that the United States Department 
of Agriculture (USDA) policy of zero tolerance (0 CFU/25 g sample) of L. 
monocytogenes is achieved.   
Many methods of surface pasteurizing frankfurters and other meats have been 
studied; these include hot water, steam, irradiation, and high pressure processing (Phebus 
and others 1997; Murphy and others 2002; Sommers and Thayer 2000; Lucore and others 
1999).  Some studies were performed on meat in the final package, but others were 
treated after processing but before packaging.  Chemical treatments, such as application 
of organic acids also have been added to formulations and to the surface of the meats to 
reduce L. monocytogenes populations (Hughey and others 1989; Ariyapitipun and others 




The objective of this study was to combine the use of organic acids and steam 
through the concept of hurdle technology to reduce L. monocytogenes population on 
frankfurters.  Steam treatment was performed in the final package so that the possibility 
of recontamination was eliminated.  Reduction of bacterial populations immediately after 
treatment and during storage at 4°C for 21 days was determined.  The effect on the color 







Over the last 20 years, concern over the presence of Listeria monocytogenes on 
processed foods has greatly increased due to its ability to grow at refrigeration 
temperatures.  This pathogen poses health risks on products such as soft cheeses, deli 
meats, and other ready-to-eat products.  L. monocytogenes is a small, Gram-positive rod 
measuring 1-2 :m by 0.5 :m. Isolated from soil, water, sewage, and the environment, the 
bacterium is ubiquitous (Jay 1996a).  Thirty-seven species of mammals and at least 
seventeen species of birds have been found to be carriers (Food and Drug Administration 
2001).  In addition, 1-10% of humans may carry the bacteria in their intestines, but are 
asymptomatic for illness (Jay 1996a).  Growth requirements of L. monocytogenes are 
similar to those of other Gram-positive bacteria.  It is a facultative anaerobe that requires 
six amino acids and four B-vitamins (Jay 1996a).  Growth increases in the presence of 
glucose.  In general, Listeria species are able to grow over pH ranges from 4.1 to 9.6, but 
optimum growth occurs from pH 6 to 8 (Jay 1996a).  Growth is possible at temperatures 
from 1° C to 45° C.  Freezing at -18°C and even repeated freezing/thawing have little 
effect on survival of L. monocytogenes (Rocourt and Cossart 1997).  L. monocytogenes is 
salt tolerant and can grow in sodium chloride concentrations of up to 6% (Jay 1996a).  
Like most enterococci, Listeria hydrolyzes esculin to 6,7-dihydrozycomarin, which reacts 
with iron to form a black pigment.  This reaction provides the differential basis of 
modified oxford medium (MOX) which is used to enumerate Listeria spp.   
Because Listeria monocytogenes is ubiquitous, it can be introduced into the food 
supply in many ways.  Crops become contaminated through the use of contaminated 
irrigation water and from the soil.  Meat is contaminated from feces and animals are 
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infected from silage (Rocourt and Cossart 1997).  The bacteria can also be introduced 
into food from the processing facility itself.  Shoes, clothing, transportation equipment, 
and human carriers are all possible sources (Rocourt and Cossart 1997; Johnson and 
others 1990).  In processing plants, L. monocytogenes can be found in drains, conveyer 
belts, coolers, walls, cleaning tools, and in almost any cool, damp environment.  Because 
of this, it is nearly impossible to eradicate L. monocytogenes from a processing facility.  
Eventually, the bacteria spread from the environment to the processed food and 
ultimately to the consumer (Tompkin and others 1997).   
 
Listeriosis 
 L. monocytogenes causes the disease listeriosis.  Conditions such as AIDS, 
alcoholism, diabetes and heart disease increase the susceptibility of individuals to the 
illness (Jay 1996).  The elderly and cancer patients are also at risk (Food and Drug 
Administration 2001).  Healthy individuals can develop the disease, especially if the food 
is highly contaminated (Food and Drug Administration 2001).  Symptoms of listeriosis 
include nausea, diarrhea, and vomiting, which progresses to influenza-like symptoms 
with fever.  Eventually, the patient can develop septicemia, meningitis, or encephalitis.  
Pregnant women usually in the third trimester, develop intrauterine and cervical 
infections, which can result in premature delivery, stillbirth or abortion (Food and Drug 
Administration 2001; Rocourt and Cossart  1997).  According to the Centers for Disease 
Control (1998), an estimated 1850 people fall seriously ill from listeriosis each year.  
These illnesses result in 425 deaths, a death rate greater than 20 percent.  Mortality may 
be as high as 70 percent when the disease progresses to meningitis and as high as 80 
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percent when neonates and infants are infected (Food and Drug Administration 2001).  
Many of these infections are a result of the consumption of contaminated food.  L. 
monocytogenes has been isolated from a variety of foods including raw milk, soft cheese 
and other dairy products, fruits, vegetables, poultry, seafood, and ready-to-eat meats 
including frankfurters, (Jay 1996a; Rocourt and Cossart 1997).   According to a 1988 
report, individuals who eat uncooked frankfurters are 6.1 times more likely to contract 
listeriosis than those who do not. This report estimated that 255 of 1600 cases of 
listeriosis per year in the late 1980’s were attributable to the consumption of undercooked 
frankfurters (Schwartz 1988). 
 
Listeria in processed meats 
  L. monocytogenes has been isolated from retail turkey, chicken, pork, and beef 
frankfurters, despite a United States Department of Agriculture (USDA) policy of zero 
tolerance (0 CFU/25g sample).  A study done in 1987 and 1988 revealed that 5-13% of 
ready-to-eat meat products, including frankfurters, in the United States were 
contaminated with L. monocytogenes (Johnson and others 1990).  Wang and Muriana 
(1994) isolated L. monocytogenes from 7.5% of 93 packages of frankfurters purchased 
from retail supermarkets in the United States.  Schmidt and Kaya (1990) reported that 
17% of sliced, vacuum-packed frankfurters from trade outlets in Turkey were 
contaminated with L. monocytogenes.   
 Not only is L. monocytogenes present on frankfurters, the organism is able to 
grow and proliferate at refrigeration temperatures.  Schmidt and Kaya (1990) found that 
at 4°C, L. monocytogenes on frankfurters grew as much as 3 logs over the typical 21-day 
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shelf life of frankfurters.  At 1°C, they found a 1-log increase over the same period of 
time.  Bunčic and others (1991) demonstrated a growth of L. monocytogenes of 2 to 3 
logs on frankfurters during storage for 20 days at 4°C.   
Several listeriosis outbreaks have occurred because of the presence and growth of 
L. monocytogenes on frankfurters and other meat products.  In 1998, Bil Mar Foods 
recalled 15 million pounds of frankfurters and deli meats after an outbreak of listeriosis 
(Hollingsworth 1999).  This outbreak allegedly caused 100 illnesses, 21 deaths, and six 
spontaneous abortions/stillbirths (Center for Disease Control 1999).  Frankfurters were 
also responsible for the hospitalization of a female cancer patient in 1989.  Turkey 
frankfurters in her refrigerator were found to be contaminated with L. monocytogenes 
(Wenger and others 1990).  This lead to the recall of 600,000 pounds of turkey 
frankfurters from 23 states by the manufacturer (Ryser 1999).  In May though November 
2000, consumption of contaminated turkey meat caused twenty-nine illnesses occurred 
resulting in four deaths and three miscarriages or stillbirths.  The deli meat manufacturer, 
Cargill Turkey Products Inc, temporarily stopped shipping ready-to-eat foods and 
recalled their turkey and chicken deli meats (Centers for Disease Control 2000).   
Although not all are associated with disease outbreaks, many recalls of 
frankfurters have occurred, costing food companies millions of dollars.  The recalls often 
occurred because of the possibility of L. monocytogenes contamination.  These include a 
140,000 pound recall of frankfurters by John Morrell and Company produced on March 
5, 2002 (Safety Alerts 2002a), and a smaller recall of 1,125 pounds of frankfurters made 
by Designer Meats, Inc. on May 2, 2002 (Safety Alerts 2002c).  In a third recall, 77,000 
pounds of frankfurters and bologna were recalled on May 11, 2002 by PRG Packing 
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Corp. (Safety Alerts 2002b).   
 
Frankfurter processing 
  Heat treatment of frankfurters is sufficient to destroy L. monocytogenes and, 
therefore, should eliminate the risk for recalls, illness, and deaths.  But as evidenced by 
the recent recalls and illnesses, this is not true.  Contaminated frankfurters still pose a risk 
for causing listeriosis.  During processing, frankfurters are heated to an internal 
temperature of at least 155°F (68.3°C) to set the emulsion and produce the color of the 
frankfurter (Romans and others 1994). Cooking to an internal temperature of 160°F 
(71.1°C) reduces L. monocytogenes populations by 3 logs, but the frankfurters become 
re-contaminated after cooking during the removal of the casing (Zaika and others 1990; 
Cygnarowicz-Provost and others 1994).  The cellulose casing, used to form the shape of 
the frankfurter, is mechanically peeled off after cooking. A knife slits the casing and an 
air jet separates the casing and the finished frankfurter (Romans and others 1994).  The 
knife and conveyers, and packaging equipment are possible sources for bacterial 
contamination (Tompkin and others 1999).  
Evidence of recontamination during casing removal was shown in a study by 
Wenger and others (1990).  They examined the processing plant responsible for 
contamination of turkey frankfurters in 1989.  Consumption of these frankfurters caused 
the hospitalization of a female cancer patient.  Researchers from the Centers for Disease 
Control (CDC) and the United States Department of Agriculture (USDA) found that L. 
monocytogenes was isolated more frequently after peeling of frankfurter casings than 
before peeling.  The USDA researchers isolated L. monocytogenes from 12 of 14 post-
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peeler frankfurter samples compared to two of 40 pre-peeler samples.  The USDA then 
isolated L. monocytogenes from the peeler conveyer belt.  All other environmental 
samples were negative for L. monocytogenes except for those from the floor of a cooler.  
These results lead the USDA to conclude that the contamination of the majority of 
frankfurters occurred at a single point during the peeling process just prior to packaging 
(Wenger and others 1990).   
Storage of frankfurters at refrigeration temperatures does not help this problem.  
As stated previously, L. monocytogenes can survive and grow on frankfurters at 
refrigeration temperatures (Wang and Muraina 1994; McKellar and others 1994; Glass 
and Doyle 1989).  Frankfurters that are contaminated at very low levels in the processing 
facility can have dangerously large numbers of L. monocytogenes by the time they are 
eaten by consumers (Zaika and others 1990).   
 
Chemical preservation 
 Frankfurter processors rely on many different to methods eliminate or reduce 
contamination by L. monocytogenes and add a margin of safety for the consumers. All 
frankfurters are vacuum packaged to provide an anaerobic environment and are 
refrigerated.  Both of these slow the growth of L. monocytogenes but do not eliminate 
growth.  To include another hurdle, many manufactures add antimicrobial or chemical 
agents to the frankfurter formulation or to the surface of peeled frankfurters (Lou and 
Yousef 1999).  Lactic acid, acetic acid, citric acid, potassium sorbate, sodium lactate, and 
sodium acetate have all been shown to be effective against L. monocytogenes.   
Deactivation of L. monocytogenes by organic acids is related to the pH of the acid 
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and its level of dissociation.  L. monocytogenes optimally grows at neutral or slightly 
alkaline pH, but can grow at much lower pH (Lou and Yousef 1999).  Glass and Doyle 
(1989) observed that L. monocytogenes grew well on meats with a pH above 6.0, such as 
frankfurters, but did not grow well on meats below pH 5.0 (summer sausage).  Organic 
acids affect bacteria by interfering with the permeability of the cell membrane, which 
causes a disruption in the electron transport system. This leads to acidification of the 
inside of the cell and eventually cell death (Ahamad and Marth 1989).  Growth of L. 
monocytogenes depends on temperature, type of acid, and availability of nutrients 
(Rocourt and Cossart 1997; Lou and Yousef 1999).   
In tryptose broth containing 0.3% citric, 0.3% lactic and 0.3% acetic acid D7°C-
values ranged from 302.47 hours (acetic) to 341.68 hours (lactic).  As the temperature 
was raised to 35°C, the effect of the acids also increased.  D35°C-values were 20.42 hours 
for acetic acid, 31.25 for lactic acid, and 55.25 for citric acid (Ahamad and Marth 1989).  
This causes concern for refrigerated, acidic foods because cooler temperatures lower the 
effectiveness of the acids.  When the concentration of acid was lowered to 0.1-0.2%, 
growth of L. monocytogenes was suppressed, but the acid did not reduce the population 
(Ahamad and Marth 1989).   
In vacuum packaged, fresh beef, lactic acid (2%) reduced L. monocytogenes 
populations by 1.56 log CFU/cm2 after a 5-minute dip.  Populations continued to 
decrease during 4°C storage for 42 days (Ariyapitipun and others 2000).  On catfish filets 
washed for 10 minutes in 2% lactic acid solution L. monocytogenes populations were 
reduced by 0.8 logs (Farid and others 1998).  A similar study performed by El-Khateib 
and others (1993) examined the effect of lactic acid on beef.  Cubes from the longissimus 
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dorsi muscle were dipped in 2% lactic acid for one minute, decreasing the L. 
monocytogenes count by 0.79 log CFU/cube.  After 48 hours, the difference between the 
control and treated beef had increased to 1.7 log CFU/cube (El-Khateib and others 1993).  
On beef carcasses, percentages of acid as high as 2.5% have to be used to reduce bacterial 
contamination (Mermelstein 2001).  
Organic acids are effective on processed meat as well as on raw meat.  On the 
surface of frankfurters, lactic acid (2%) reduced L. monocytogenes populations both 
initially and during storage (Palumbo and Williams 1994).  One percent solutions of 
acetic, tartaric, and citric acids and a combination of 0.5% citric acid and 0.5% acetic 
acid also reduced populations. The greatest inhibition of growth was observed with the 
0.5% citric acid/0.5% acetic acid combination.  (Palumbo and Williams 1994).  
The salts of organic acids are also used in frankfurter processing to inhibit L. 
monocytogenes.  In a study by Wederquist and others (1994), sodium acetate (0.5%), 
sodium lactate (2.0%) and potassium sorbate (0.26%) incorporated into bologna 
formulations slowed L. monocytogenes growth.  All extended the lag phase and held the 
growth to 2.13 log CFU/g after 91 days compared to a control, which grew to a 
concentration of 9.02 log CFU/g after 63 days (Wederquist and others 1994).  In another 
study, sodium lactate (6%) and sodium diacetate (0.50%) inhibited growth of L. 
monocytogenes in frankfurters stored at 4°C for 120 days (Bedie 1999).  The USDA Food 
Safety and Inspection Service (FSIS) recently (March 2000) increased the allowable 
levels of sodium diacetate, sodium acetate, and sodium lactate in processed meats.  
Inhibitory mechanisms of these compounds are not well understood but are related to the 




 Biological methods for control of L. monocytogenes include the use of enzymes 
and nonpathogenic microorganisms.  Lysozyme, an enzyme found in eggs and milk, 
causes lysis of bacteria (especially Gram-positive bacteria) by breaking the cell wall (Lou 
and Yousef 1999).  Lysozyme is active at temperatures as low as 4° C and is stable over a 
wide range of pH values, so is suitable for use in frankfurters (Lou and Yousef 1999).  
However, it can be very expensive to use. 
Lysozyme (100ppm), in combination with ethylene diamine tetra-acedic acid 
(EDTA), was used by Hughey and others (1989) to control growth of L. monocytogenes 
on bratwurst sausages.  The enzyme did not decrease populations but did delay growth 
for two to three weeks.  Lysozyme in combination with EDTA and nisin reduced L. 
monocytogenes populations on ham and bologna to non-detectable levels from an initial 
inoculum of approximately 4 log CFU/cm2.  The bacterium was not detected on samples 
until the fourth week of storage (Gill and Holley 2000).   
Nonpathogenic microorganisms such as lactic acid bacteria can also be added to 
meat products.  They compete with pathogens for nutrients and produce by-products that 
are inhibitory to pathogens.  These by-products include acids, hydrogen peroxide, and 
bacteriocins.  Acids inhibit L. monocytogenes through pH reduction.  Bacteriocins are 
made of peptides or proteins and act to destabilize the bacterial cytoplasmic membrane 
and form transmembrane pores (Lou and Yousef 1999).   
Berry and others (1991) added two strains of Pediococcus acidilactici to 
individually packaged frankfurters inoculated with L. monocytogenes. One strain of P. 
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acidilactici produced pediocin and the other strain did not.  High levels of both strains of 
P. acidilactici (107) inhibited L. monocytogenes growth for 60 days.  Lower levels of P. 
acidilactici (103-104) did not inhibit growth, but did increase the lag phase of the 
pathogen.  The lowering effect was greater with the strain that produced pediocin than 
with the non-producing strain of P. acidilactici (Berry and others 1991).  Juven and 
others (1998) added Lactobacillus alimentarius to vacuum packaged ground beef to 
determine its effect on L. monocytogenes.  After storage at 4°C for nine weeks, samples 
without L. alimentarius had L. monocytogenes populations that increased by 
approximately 1 log.  L. monocytogenes populations in samples with L. alimentarius 
decreased by over 2 logs.  No bacteriocins or hydrogen peroxide were produced in the 
sample, and the effect was attributed to the production of lactic acid by L. alimentarius 
(Juven and others 1998).   
 
Physical preservation 
Many physical methods have been investigated as ways to reduce L. 
monocytogenes levels on frankfurters and other meats.  Both traditional and alternative 
methods have been used, including hot water, steam, gamma irradiation, and high 
pressure.  The effectiveness of these methods depend on the growth phase of the bacteria, 
pH of the system, salt, water and fat content, presence of other bacteria, use of phenols or 
nitrites in the product (McKellar and others 1994; Jørgensen and others 1999), as well as 
the length and temperature of treatment (Lucore and others 2000; Roering and others 




 Hot water is an inexpensive, easy method to pasteurize meat products.  It does not 
require high technology and has been proven to an effective method.  Murphy and others 
(2002) heated frankfurters inoculated with Listeria innocua in a water bath (55.0-70.0ºC), 
which resulted in a reduction in bacterial populations, with D-values ranging from 33.11 
minutes to 0.36 minutes.  Although hot water was effective in this study, the frankfurters 
were not packaged, so recontamination could occur after this treatment during the 
packaging process.   
Packaging and higher water bath temperatures (66 and 99ºC) were used by 
Roering and others (1998) to study survival of L. monocytogenes on summer sausage.  D-
values ranging from 2.08 minutes to 0.28 minutes were reported.  Heating in a water bath 
at 75°C for 30, 60 and 90 seconds resulted in 1.96, 3.02, and 3.07 log CFU/cm2 reduction 
of L. monocytogenes (Bedie 2000).  When two frankfurters were packaged together in the 
same bag, hot water (75°C) was less effective.  The L. monocytogenes reductions were 
significantly lower (0.90, 1.07, and 1.07 CFU/cm2).  This difference was most likely due 
to the inability of hot water to reach between the two frankfurters, showing a limitation in 
using hot water to pasteurize frankfurters (Bedie 2000).  
 
Steam  
Steam may be more effective than water for treating meat products (Morgan and 
others 1996a).  Many meat surfaces have cavities or pockets that are large enough to hide 
and protect bacterial cells (Muriana and others 2002). These holes are sufficiently large 
for L. monocytogenes cells (1-2 µm), but are too small for water molecules because of 
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their high surface tension.  Steam is able to penetrate these pockets and reach the hidden 
bacteria (Morgan and others 1996a).  Muriana and others (2002) demonstrated that the 
thermal reduction of L. monocytogenes in a hot water bath was higher in meat purge than 
in the actual deli turkey product, indicating that the whole meat product protected the 
bacteria in some way.    Other advantages of steam over other common treatments 
include the absence of chemicals, which can corrode equipment and lead to difficulty 
treating wastewater (Phebus and others 1997), its ability to heat an irregular surface 
evenly, and the absence of large amounts of waste water (Farber and Peterkin 1999).  
Many studies have shown steam to be effective in reducing contamination on 
meat carcasses.  In a commercial system, excess water is removed from the carcass 
before it is passed through a blanket of steam and cooled (Nutsch and others 1997).  This 
process, with steam temperatures ranging from 90.5-94.0°C for eight seconds, resulted in 
a 1.35 log CFU/cm2 reduction in the aerobic plate count and an even greater reduction in 
Enterobacteriaceae populations (Nutsch and others 1997).  Steam at 91-93ºC applied to 
the surface of a freshly slaughtered beef carcass for 15 seconds resulted in a 2.7 to 3.7 log 
CFU/cm2 reduction of L. monocytogenes (Phebus and others 1997).  Raw chicken breasts 
were steam pasteurized by Morgan and others (1996a) to reduce Listeria innocua.  They 
achieved a 4-log CFU/ml reduction, without creating a cooked appearance, by pulling a 
vacuum and treating the chicken breasts with pure, thermally saturated steam at 140°C 
for 50 ms followed by rapid vacuum cooling (Morgan and others 1996a).  Steam at 
145°C was used for 25 milliseconds.  The entire treatment, including the vacuum 
preceding and following the steam treatment, lasted for one second, making this process 
feasible to implement in a chicken processing facility (Morgan and others 1996b). 
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 Despite its wide use on fresh meat, only a few studies have been directed towards 
use of steam to surface pasteurize processed meats.  Steam in combination with a vacuum 
was used to inactivate Listeria species on frankfurters (Cygnarowicz-Provost and others 
1994). This process, considered flash heating followed by evaporative cooling was able 
to reduce L. innocua by 4-log CFU.  (Cygnarowicz-Provost and others 1994, 1995).   The 
optimum treatment involved placing a frankfurter in a chamber, evacuating the air with a 
vacuum pump, and then steaming the frankfurter for 32 seconds with 136°C steam or for 
40 seconds with 115°C steam.  After treatment storage at 6ºC for 55-days the L. innocua 
grew at a slower rate (0.006 CFU/mlּday) than on untreated frankfurters (0.021 
CFU/mlּday).  Kozembel and others (2000) reduced the time needed to pasteurize the 
frankfurters by adding multiple cycles of vacuum and steam.  This killed the bacteria 
more quickly than a single vacuum/stream treatment.  A treatment with an initial vacuum 
(0.1 seconds), 138°C steam (0.3 seconds), and a between-cycle vacuum (0.3 seconds) 
was used.  A 3-log reduction of L. innocua was obtained with two steam cycles.  
Additional cycles provided a 5-log reduction (Kozembel and others 2000).   
 These studies show that steam in combination with vacuum is an effective method 
of inactivating L. monocytogenes, but did not show the effect of steam alone.  They also 
do not solve the problem of contamination after processing, since frankfurters were 
treated before packaging.  The possibility remains for recontamination during the 
packaging process.  The only study using steam only pasteurization on packaged meat 
used fully cooked chicken strips.  Vacuum packaged chicken strips were steam 
pasteurized with 88°C steam for 34 minutes providing a 7-log reduction of L. innocua 
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was achieved and the center of the chicken breast reached 70°C (Murphy and others 
2001).  There was no mention about how this treatment affected the texture or color of 
the product.   
 
Irradiation 
 Irradiation was first approved for use in wheat flour in 1963 and in white potatoes 
in 1964.  It was not approved for use on meat products until 1986 when the Food and 
Drug Administration (FDA) approved the method for control of Trichinella spiralis in 
pork (Center for Disease Control 2002).  Since that time, investigators found that L. 
monocytogenes is sensitive to low doses of irradiation (Rocourt and Cossart 1997).  
Irradiation is particularly reliable because it is applied after products are packaged, 
eliminating possibility for recontamination.  However, irradiation is impractical at this 
time because of the high costs and scarcity of commercial-sized treatment facilities.   
Gamma irradiation inactivation of L. monocytogenes in frankfurters was 
investigated by Sommers and Thayer (2000).  They found that gamma irradiation at 
0.103 kGy/min reduces L. monocytogenes populations on the surface of vacuum-
packaged frankfurters.  D-values ranged from 0.49 to 0.71 kGy depending upon the 
composition of the frankfurters.  All-beef frankfurters provided lower D-values than 
those made with a mixture of meats and additives (Sommers and Thayer 2000).   
 Electron-beam irradiation was used by Shamsuzzaman and others (1995) in 
combination with sous-vide cooking to pasteurize chicken breasts.  A combination of 
cooking in a 99° C water bath for 3.75 min and irradiation at 3.0 KGy reduced L. 
monocytogenes by about 6 logs (Shamsuzzaman and others 1995). 
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High pressure 
  High pressure processing is usually used to treat liquid and semisolid products 
such as fruit juice, fruit spreads, or guacamole.  It is not usually used on solid products 
because it can change the texture.  However, frankfurters are a consistent product with 
little internal air making high pressure processing possible (Lucore and others 1999).  
Lucore and others (1999) demonstrated a 5-log reduction of L. monocytogenes on 
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Bacterial strains and culture maintenance 
Five strains of Listeria monocytogenes were used to inoculate frankfurters: Scott 
A clinical isolate (serotype 4b), hard salami isolate (serotype 4b), hard salami isolate 
(serotype1/2b), goat cheese isolate (serotype 4) and raw milk isolate (serotype 1).  
Individual strains were cultured in tryptose phosphate buffer for 24 hours at 32°C.  One 
ml of each strain was combined immediately prior to use to yield a mixed culture 
consisting of approximately equal proportions of each test strain.  The cultures were 
mixed in a sterile centrifuge tube and centrifuged (11,000 x g, 10 min; Biofuge 17-R; 
Heraeus Sepatech; Germany).  The spent culture medium was decanted and the pellet was 
resuspended in 0.1% peptone water (Bacto Peptone; Difco; Becton-Dickinson; Sparks, 
MD) and mixed thoroughly before use.   
 
Frankfurter inoculation 
Eight-packs of mixed meat frankfurters consisting of pork, beef and turkey were 
obtained and kept at 4°C before use.  For the study, the frankfurters were surface 
inoculated with 0.1 ml of the mixed culture that had been diluted 1:10 in 0.1% peptone to 
give an inoculum of approximately 7 log CFU/frankfurter.  The inoculation procedure 
included removing the frankfurters aseptically from their original packages and placing 
them onto a sterile tray so that the flattest side was facing up.  The frankfurters were 
placed inside a class II biological safety cabinet (Fisher Hamilton; Two Rivers, WI) for 5 
minutes to remove surface moisture.  The frankfurters were then inoculated by pipeting 
the mixed L. monocytogenes culture onto the flat side of the frankfurter.  Ten aliquots of 
culture were pipeted evenly along the surface of the frankfurter resulting in each 
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frankfurter being inoculated with 0.1 ml or approximately 7 log CFU/frankfurter.  
Inoculated frankfurters were placed inside the biological safety cabinet and allowed to 
dry for 30 minutes before being placed into resealable, low density, polyethylene bags 
measuring 16.5 x 8.25cm with a thickness of 29.2 µm (Ziploc ® S.C. Johnson and Son, 
Inc; Racine, WI).   The packaged frankfurters were incubated for 24 hours at 4°C to allow 
the culture to adhere to the surface of the frankfurter.  
 
Lactic acid and pasteurization treatments 
Part I 
Inoculated frankfurters were treated with lactic acid by dipping them in an acid 
solution or water (control) for a set period of time.  For the first part of the experiment 
treatments included deionized water (control), 0.5% DL-lactic acid (pH 2.48), and 1.5% 
DL-lactic acid (pH 2.27).  Frankfurters were dipped for 10 seconds (short) using all three 
treatments (water, 0.5% 1.5%).  After treatments, frankfurters were allowed to drain on a 
metal screen for one minute before being placed into individual plastic pouches.  The 
pouches, measuring 18 x 6 cm, were made from a laminate plastic consisting of 
polypropylene, a Surlyn sealant and an EVOH barrier (T40xxB; Cryovac Sealed Air 
Corp.; Simpsonville, SC).  Finally, packaged frankfurters were vacuum-sealed using a 
vacuum packaging machine (Multivac; Germany).   
 Immediately after the lactic acid treatment, the frankfurters were treated with 
steam.   Nine individually packaged inoculated frankfurters were placed onto a conveyor 
belt and run into the middle of a steam tunnel (AK Robins; Baltimore, MD) where the 
steam temperature was most consistent.  Once the frankfurters reached the middle (15 
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sec) the belt was stopped.  The packages were held in the tunnel for 1.0, 2.0 or 4.0 
minutes at 85±5°C low pressure steam and then brought out of the tunnel (15 sec).  The 
frankfurters were immediately placed in an ice water bath until the core temperature 
reached less than 5°C.  After cooling, three frankfurters were selected for color, texture or 
microbial analysis.  The remaining frankfurters were held at 4°C, with sets of three 
removed for analysis after 1, 10, and 21 days.  A control treatment was also done where 
the frankfurters were kept chilled and not treated with steam.  The treatment 
combinations are shown in Table 1.  Each treatment was done on three frankfurters on 
three different days resulting in nine frankfurters receiving each treatment.   
 
Part II 
 The procedure for Part II was the same as for Part I, but different treatments were 
used.  Based upon the results obtained from Part I, the 0.5% lactic acid treatment was not 
used, and the dipping time with deionized water and 1.5% lactic acid was increased to 
three minutes (long).  The steam treatments were also changed to 0.5, 1.0 and 1.5 
minutes.  All treatment combinations are shown in Table 1 (all tables are located in the 
Appendix).   
 
Temperature 
 To monitor the temperature of the frankfurters in each of the treatments, Dickson 
HT120 high temperature loggers (Dickson; Addison, Il) were inserted into uninoculated 
control frankfurters.  The three insertion points were: 1) at the core; 2) between the 
frankfurter surface and the package; and 3) 2 mm below the surface of the frankfurter.  
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The frankfurters and temperature probes were vacuum packaged and treated with steam 
as described above.  For each treatment, the temperature was monitored and 
automatically recorded every 10 seconds throughout heating and subsequent chilling. 
 
Microbiological analysis 
 Microbial analysis was conducted immediately after pasteurization and after 
storage at 4°C for 1, 10, or 21 days.  For every lactic acid, pasteurization time, and 
storage time combination three frankfurters were enumerated and the entire experiment 
was replicated three times.   
For enumeration, the individual packages were aseptically opened, and the 
frankfurter was placed into a whirl pack bag.  Fifty ml of University of Vermont 
enrichment broth (UVM; Difco; Becton-Dickinson; Sparks, MD) was poured into the 
plastic package from which frankfurters were removed and then poured into the whirl 
pack bag containing the frankfurter. Frankfurters were hand massaged for one minute 
before the rinsate was surface plated (0.1ml) in duplicate onto modified Oxford agar 
(MOX; Difco; Becton-Dickinson; Sparks, MD) and tryptose phosphate agar (TPA; Difco; 
Becton-Dickinson; Sparks, MD) plates using a Whitley automatic spiral plater (Don 
Whitley Scientific Limited; West Yorkshire; England).  Plates were incubated at 35°C for 
48 hours.  Typical black colonies were enumerated on MOX, while all colonies were 
enumerated on TPA.   Five colonies from TPA plates were streaked onto MOX, and 
typical black colonies were considered as L. monocytogenes.  As an enrichment, the whirl 
pack bags containing the frankfurters and UVM broth were incubated at 30°C.  After 48 
hours, 0.1 ml was transferred to 10 ml Fraser broth (Difco; Becton-Dickinson; Sparks, 
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MD) and incubated at 35°C for 24 hours.  After incubation, tubes that had changed color 
from amber to black were recorded as positive for L. monocytogenes.  Negative Fraser 
broth tubes were streaked onto MOX plates, and then incubated at 35°C for 24 hours.  
Plates were examined after 24 hours for typical black colonies.   
 
Texture analysis 
 Texture analysis was conducted using a Texture Analyzer (TA-XT plus; Stable 
Micro Systems Ltd; Surry, UK), with regard to treatments applied in Part II.  
Additionally, frankfurters that were not treated were used as a control.  The frankfurter 
was centered under the V-portion of Warner-Bratzler blade set at a compression speed of 
2 mm/sec.  The blade moved 40.0 mm, which cut the frankfurter into two equal pieces, 
then returned to the starting position.  The maximum force required to move the blade 
through the sample (hardness) and the area under the curve (toughness) were recorded.  
Three texture measurements, using three frankfurters were taken for each treatment 
(n=9).  Uninoculated frankfurters were used for texture and color analysis.  Treatments 
were identical to those applied to inoculated frankfurters.  
 
Color analysis 
 Color of the frankfurters was measured using a spectrophotocolorimeter 
(MiniScan XE plus; HunterLab Inc.; Reston, VA), with regard to treatments applied in 
Part II. Additionally, frankfurters that were not treated were used as a control.  
Calibration was conducted using black glass and a white tile (L* a* b*).   The instrument 
was set at a 2° observer angle with a D-65 illuminant source.  A pink tile with L* a* b* 
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values of 75.8, 24.3, and 13.3 respectively was used to ensure the instrument was 
calibrated correctly for use on meat.   
Because the frankfurters were not sufficiently wide to cover the opening to the 
light, frankfurters were carefully skinned using a razor blade.  The center of the 
frankfurter was removed and the remaining outside piece, approximately 4mm in 
thickness, was flattened.  In total, four measurements were taken from three replicate 
frankfurters and the L*, a*, and b* values were recorded (n=12).   
 
Statistical analysis 
 Survival of L. monocytogenes (Log colony forming unit [CFU] per frankfurter) 
was analyzed using SAS version 8.02 (SAS Institute; Cary NC), with mixed models 
procedure (PROC MIXED) (Code is located in the appendix).  For Parts I and II, the 
statistical design was a randomized block design with replication and sampling and with 
factorial treatments of percent lactic acid, steaming time, and storage time.  The 
significance of factors was set at P<0.05 and the least significant difference (LSD) 
method was used for means separation.  Treatments that were common between Part I 
and Part II were pulled out and analyzed to determine the effect of the length of the 
dipping on the survival of L. monocytogenes.  These treatments included the 1.5% lactic 
acid and water treatments and the 0 and 1 minute steam treatment times.  This was also 
analyzed using a randomized block design with replication and sampling and with 
factorial treatments of percent lactic acid, steaming time, storage time, and adding lactic 
acid dipping time.   
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Texture values of hardness and toughness and L*, a*, b* color values were 
analyzed using SAS version 8.02 (SAS Institute; Cary NC), with mixed models 
procedure (PROC MIXED). The statistical design was a completely randomized design 
with factorial treatments of lactic acid, storage day, and steam treatment time.  Because 
of the nature of the tests, sampling was used for the color measurements but not for the 
texture measurements.  The significance of factors was set at P<0.05 and the least 




RESULTS AND DISCUSSION 
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Introduction 
The commercial cooking process involved in the production of frankfurters 
destroys all vegetative pathogens including Listeria monocytogenes (Zaika and others 
1990).  Therefore, L. monocytogenes found on finished frankfurters is a result of 
recontamination occurring during casing removal and packaging, but the level of 
contamination remains low (Wenger 1990).  The exact level of L. monocytogenes is 
unclear but usually does not exceed 100 CFU/g (Jay 1996b).  Ideal best post-processing 
heat treatments would decrease levels of L. monocytogenes by at least 100 CFU/g without 
changing the appearance or texture of the frankfurter and should be applied to packaged 
product to avoid further cross-contamination.   
In this experiment, lactic acid concentration, exposure time to lactic acid, length 
of steam treatment, and length of storage at 4°C affected survival of L. monocytogenes 
(P<0.05).  In general, bacterial counts were higher on tryptose phosphate agar (TPA) than 
on modified oxford agar (MOX) due to the inhibitory effect of MOX and growth of 
bacteria other than Listeria.  
 
Temperature 
Average maximum temperatures reached during steaming on the surface of the 
frankfurters, 4 mm under the surface of the frankfurter, and in the center of the 
frankfurter are shown in Figure 1 (all Figures are located in the Appendix).  
Temperatures from each steam time are significantly different from each other 
(p<0.0001), except 1.5 and 2.0 steaming times.  As expected, longer steaming times 




Steam treatments (85°C) alone reduced L. monocytogenes populations to below 
detectable levels on the surface of frankfurters (p<0.0001).  Maximum surface 
temperatures ranged from 76.2°C in the 1.0 minute steam treatment and 81.9°C after 4 
minutes of steaming, which is sufficient to destroy L. monocytogenes (Jay 1996a) (Figure 
1).  Reduction of 1.86 log CFU/frankfurter from the initial control population of 5.6 log 
CFU/frankfurter was observed after steaming for one minute.  The two minute steam 
treatment reduced bacterial populations to below the direct plating detectable limit (2.70 
log CFU/frankfurter), although L. monocytogenes was detectable by enrichment.  
Steaming for four minutes completely eliminated bacterial populations (i.e., not detected) 
in most samples although L. monocytogenes was occasionally detected by enrichment in 
some of the samples (Figure 2).  This effect could have been due to uneven heating in the 
steam tunnel, or protection of L. monocytogenes cells by the lipid on the surface of the 
frankfurter.  These results were similar to those found by Roering and others (1998) on 
summer sausage, where a water bath (88°C, 1 min) was used to achieve a 3-log CFU/ml 
reduction of L. monocytogenes.  These reductions, though, are lower than those found by 
Bedie (2000), where a 3-log CFU/cm2 reduction was achieved by a 75°C water bath in 
one minute.   
Lactic acid was added to the surface of the frankfurters to reduce the extent of the 
steam treatment needed to decrease L. monocytogenes populations.  In the first part of the 
experiment a short, 10 second dip in lactic acid was used, but this alone did not 
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significantly decrease populations of L. monocytogenes (p=0.72) (Figure 3).  However, 
this treatment could have enhanced the adhesion of the bacteria to the meat surfaces 
because of the reduced surface pH.  El-Khateib and others (1993) found that treatment 
with 2% lactic acid caused an increase in the number of Listeria cells that attached to the 
surface of beef, but subsequently lowered the L. monocytogenes population during 
storage.    
Contrary to results by other researchers, L. monocytogenes populations in this 
experiment decreased slightly during storage at 4°C (p<0.0001) (Figure 3).  Average 
reductions of 0.28, 0.51, and 0.66 log CFU/frankfurter were achieved by storage after 1, 
10, and 21 days respectively on MOX.  As enumerated on TPA, bacterial reductions were 
0.46, 0.36 and 0.88 log CFU/frankfurter for the three storage times.  Bunčic and others 
(1991) demonstrated growth of L. monocytogenes on frankfurters during a 21 day 4°C 
storage.  Schmidt and Kaya (1990) found beef and pork frankfurters supported growth of 
L. monocytogenes during 3-4 week storage at 4°C.  Several different factors could be 
responsible for the decrease in population during the storage.  These include the bacterial 
strains used and competition from other microflora such as lactic acid bacteria.  The type 
of meat in the frankfurter, nitrite and salt content, pH, and water activity of the 
frankfurter could also have played a role in the survival of L. monocytogenes (McKeller 
and others 1994).  In fact, a study by McKeller and others (1994) determined that only 40 
of 61 retail frankfurters supported the growth of L. monocytogenes.  This means that on 
34% of frankfurters the bacteria will not grow.  Growth of L. monocytogenes depended 
on the salt content of the frankfurters (McKeller and others 1994).  
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Part II 
Since a 10 second dip in lactic acid alone had no effect on survival of L. 
monocytogenes, the second part of the study was conducted.  The lactic acid contact time 
was increased to three minutes while steam treatment times were decreased.  At the 
extended time, the lactic acid (1.5%) had a significant effect on reducing the L. 
monocytogenes populations (p<0.001).  Dipping in water for three minutes reduced initial 
control populations to approximately 5.2-log CFU/frankfurter, 0.4 log CFU/frankfurter 
lower than after the shorter dip of 10 seconds.  This most likely occurs because the 
bacteria were rinsed off in the water.  Dipping in 1.5% lactic acid decreased the 
population by an additional 0.23 log CFU/frankfurter with out steam treatment.  (Figure 
4)  Glass and Doyle (1989) observed that L. monocytogenes grew well on meats with pH 
above 6.0 such as frankfurters, but did not grow well on meats below pH 5.0 (summer 
sausage).  Lengthy contact times with lactic acid were also required by other researchers 
to decrease L. monocytogenes populations. Ariyapitipun and others (2000) reported a 
1.56 log CFU/cm2 reduction in L. monocytogenes populations on beef dipped in lactic 
acid for five minutes. A ten minute dip was required to reduce L. monocytogenes levels 
by 0.8 logs on catfish filets (Farid and others 1998).   
Lactic acid also affected the toughness and hardness of frankfurters (p<0.05).  
Frankfurters dipped in lactic acid were tougher and firmer than those that were not treated 
with lactic acid (Table 2 and 3).  Unlike results found by Fraid and others (1998), lactic 
acid did not have an effect on the color of frankfurters (p>0.05).  Farid and others (1998) 
also found that lactic acid changed the color of fish.  Catfish fillets treated with lactic acid 
were lighter and yellowier than the untreated controls. 
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The general effect of the steam treatment was similar to those found in the first 
part of the experiment, except shorter steam times of 0.0, 0.5, 1.0, and 1.5 minutes were 
used.  Every increase in the length of the steam treatment significantly increased the 
reduction of L. monocytogenes (p<0.0001).  Initial reduction for the 0.5-minute steam 
treatment was 0.93-log CFU/frankfurter when compared to the control dipped in water.  
The one minute steam treatment doubled the reduction (1.85 log CFU/frankfurter).  After 
the 1.5-minute steam treatment L. monocytogenes was reduced by 4.8 log 
CFU/frankfurter.  In fact, usually it was not detected except by enrichment (Figure 5).  A 
much greater reduction in L. innocua populations was achieved by Cygnarowicz-Provost 
and others (1994).  They used a vacuum chamber and higher steam temperatures (115-
136°C) to reduce bacteria by 4-log CFU/ml in 32-40 seconds.   
The reduction of bacteria that did occur came at the cost of hardness and 
toughness of the frankfurters (p<0.05).  Frankfurters became tougher and firmer as the 
length of steaming increased (Table 2 and 3). 
Steaming did not have a significant effect on the color of the frankfurters 
(p>0.05).  This was due to the large variation in the initial color of the frankfurter.  Some 
are inherently redder than others.  In this experiment though, many times the steamed 
frankfurters (1.5 min) looked darker and more brownish to the eye than those that were 
not steamed. This was not a significant difference, but perhaps consumers could detect it.  
The steam treatment done in a vacuum by Cygnarowicz-Provost and others (1994) had 
the same result.  Steaming for 40 seconds at 136°C did not significantly affect the color 
of frankfurters, but in general the frankfurters became darker during treatment.  
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Unlike the first part of the study, storage did not have a significant effect on 
bacterial populations as enumerated by MOX (p=0.44).  However, based upon counts on 
TPA a significant difference was found between day 0 and day 10 but no difference was 
found between day 0 and day 21 (p=0.01).  The larger values on day 21 were due to non-
Listeria bacteria that grew on the nonselective TPA (Figures 5, 6, 7, and 8). 
Storage increased the redness (a*-value) and yellowness (b*-value) of 
frankfurters.  After 1 day of storage at 4°C, frankfurters were significantly (p<0.05) less 
red and more yellow than those that were not stored (Table 4).  Mendonca and others 
(1989) also found that storage affected the color of meat.  Vacuum packaged pork chops 
treated with acetic and lactic acid became lighter, less red and less yellow during a four 
week storage (Mendonca and others 1989).  Hardness was also affected by storage.  
Frankfurters after 1 day at 4°C were significantly firmer and harder (p<0.05) than those 
measured without storage (Table 2 and 3). 
 To determine if the length of dipping in lactic acid significantly affected 
the population of L. monocytogenes, another analysis was conducted.  All treatments that 
were common between the two parts of the experiment were analyzed together.  These 
included water and 1.5% lactic acid treatments and the 0- and 1-minute steam treatments.  
The results showed that the length of time the frankfurters were dipped had a significant 
effect on the bacterial population (p<0.0002).  The long dipping time in 1.5% lactic acid 
resulted in a 0.37 log CFU/frankfurter (TPA) and a 0.55 log CFU/frankfurter (MOX) 





Based on the reduction of Listeria monocytogenes and the sensory characteristics 
of the frankfurters, the best combination of treatments is a 3-minutes dip in 1.5% lactic 
acid followed by steaming for one minute.  This treatment reduced L. monocytogenes 
populations below the level of detection by direct plating, which is a reduction of at least 
2.7 log CFU/frankfurter.  However, L. monocytogenes was detected after enrichment 
indicating that the treatment allowed the survival of at least one cell.  Nevertheless, since 
the initial contamination level on the surface of frankfurters is usually low, this treatment 
should be sufficient to destroy the L. monocytogenes found in commercially packaged 
frankfurters.  Frankfurters treated with this recommended combination treatment were 
tougher than the control.  In addition, steaming made the frankfurters firmer.  This 
change in texture might not be unacceptable to consumers.  More study needs to be done 
to determine if the changes in the frankfurter are unacceptable to consumers or even if 
they could be detected.  Despite the change in sensory characteristics, the treatments 
would provide a safer product.  Pasteurizing frankfurters after they are in their final 
package reduces any chance for recontamination and will lower the number of recalls, 
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Table 1.  Lactic acid and steam treatments 






10 sec 0.02 0.0 
 0.0 1.0 
 0.0 2.0 
 0.0 4.0 
 0.5 0.0 
 0.5 1.0 
 0.5 2.0 
 0.5 4.0 
 1.5 0.0 
 1.5 1.0 
 1.5 2.0 
 1.5 4.0 
   
3 min 0.0 0.0 
 0.0 0.5 
 0.0 1.0 
 0.0 1.5 
 1.5 0.0 
 1.5 0.5 
 1.5 1.0 
 1.5 1.5 
1Three frankfurters were analyzed for each treatment and 




          
Table 2.  Texture (hardness) of frankfurters dipped (3 min) in lactic acid (LA) solutions and 
treated with steam (85°C), during storage for 21 days. 
  Hardness (kg)1 
Storage  Day 0 Day 1 Day 10 Day 21 
 LA% 0 1.5 0 1.5 0 1.5 0 1.5 
 No treatment 2.37  2.39  2.58  2.60  
Steam time 
(min) 0 2.41 2.19 2.22 2.45 2.31 2.60 2.39 2.37 
 0.5 2.40 2.10 2.46 2.63 2.55 2.78 2.47 2.66 
 1 2.20 2.27 2.68 2.87 2.61 2.62 2.44 2.78 
 1.5 2.28 2.30 2.52 2.70 2.62 2.90 2.96 2.82 
1 Values are least square means.  Least significant difference (LSD) = 0.35. 
          
          
Table 3.  Texture (toughness) of frankfurters dipped (3 min) in lactic acid (LA) solutions and 
treated with steam (85°C), during storage for 21 days. 
  Toughness (Kg*sec)1 
Storage  Day 0 Day 1 Day 10 Day 21 
 LA% 0 1.5 0 1.5 0 1.5 0 1.5 
 No treatment 14.60  14.61  15.50  15.70  
Steam time 
(min) 0 14.46 14.61 15.13 15.76 13.93 17.43 14.78 15.00
 0.5 15.46 14.05 15.30 16.94 15.15 17.86 15.30 15.67
 1 14.80 15.01 16.01 18.16 15.79 16.52 15.93 18.04
 1.5 15.44 14.79 16.27 17.70 15.57 18.17 18.79 17.85





 1 Because no difference was found among lactic acid treatments (p>0.05), reported data represent no lactic acid treatment 
 2  L*-values are least square means.  Least significant difference =1.90 
 3  a*-values are least square means.  Least significant difference =0.90 
 4 b*-values are least square means.  Least significant difference =1.77 
 
Table 4.  Color (L*, a*, b*) of frankfurters treated with steam (85°C), during storage for 21 days1. 
    Color 
Storage   Day 0  Day 1 Day 10 Day 21 




t 56.27 20.21 29.08 55.91 19.86 28.89 56.05 19.63 29.81 55.39 19.95 29.57
Steam 
time 
(min)  0 55.89 20.21 28.87 55.66 20.52 29.01 55.62 20.28 29.04 54.81 20.83 29.90
 
 
0.5 55.37 20.30 29.22 55.37 20.25 30.01 56.08 19.85 29.10 56.28 20.05 28.36
 
 
1 55.86 20.21 27.78 57.42 19.50 27.80 56.43 19.41 28.87 56.22 20.13 29.22
  
 
1.5 54.35 20.29 29.37 56.84 19.11 28.59 56.60 19.29 28.61 55.48 20.21 29.73
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Figure 1.  Maximum temperature of the surface, 4 mm under the surface, and in the center of 
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Center
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Figure 2.  Inactivation of L. monocytogenes  on frankfurters after dipping (10 sec) in lactic acid 
(LA) and then treated with steam (85°C); populations were recovered on MOX and TPA.  Values 































































Figure 3.  Survival of L. monocytogenes  on frankfurters dipped (10 sec) in lactic acid (LA) 
solutions during storage for 21 days at 4°C; populations were recovered on MOX and TPA.
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Figure 4.  Survival of L. monocytogenes on frankfurters dipped (3 min) in lactic acid (LA) 



























Figure 5.  Inactivation of L. monocytogenes on frankfurters by a 3-minute dip lactic acid (LA) 
solutions  and by steam treatment (85°C); populations were recovered on MOX and TPA 


























































Figure 6.  Inactivation of L. monocytogenes  on frankfurters by a 3-minute dip lactic acid (LA) solutions  
and by steam treatment (85°C); populations were recovered on MOX and TPA after one day storage at 






























Figure 7.  Inactivation of L. monocytogenes  on frankfurters by a 3-minute dip lactic acid (LA) solutions  and by steam 































Figure 8.  Inactivation of L. monocytogenes  on frankfurters by a 3-minute dip lactic acid (LA) solutions  and by steam 
treatment (85°C); populations were recovered on MOX and TPA after 21 days storage at 4°C.  Values of 2=detected only by 
enrichment.
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Figure 9.  Comparison of the inactivation of L. monocytogenes on frankfurters by a 10 sec or a 3 































Statistical analysis programs 
Statistical analyses were performed using SAS (Cary NC) version 8. 
Part I 
proc import datafile='a:latimeshort.xls'out=one replace; 
run; 
proc sort; by la steam day block hd; 
proc means noprint; by la steam day block hd; 
 *var mox; 
 var tpa; 
 *output out=mmm mean=mmox; 
 output out=mmm mean=mtpa; 
proc mixed data=mmm; 
class la day steam block; 
*model mmox=la|day|steam/htype=3 outp=rrr; 
model mtpa=la|day|steam/htype= 3 outp=rrr; 
random block; 
lsmeans la|day|steam /pdiff; 
ods listing exclude lsmeans diffs; 




proc univariate ; plot normal data=rrr; 
Var resid; 
proc print data=nnn; 
proc gplot data=nnn; where effect='la*steam'; 
 plot estimate*steam=la; 






proc import datafile='a:latimelong.xls'out=one replace; 
run; 
proc sort; by la steam day block hd; 
proc means noprint; by la steam day block hd; 
 *var mox; 
 var tpa; 
 output out=mmm mean=mtpa; 
 *output out=mmm meant=mmox; 
run; 
proc mixed data=mmm; 
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class la day steam block; 
*model mmox=la|day|steam/htype= 3 outp=rrr ; 
model mtpa=la|day|steam/htype=3 outp=rrr; 
random block;  
lsmeans la|day|steam/pdiff; 
ods listing exclude lsmeans diffs; 









Part I and II together 
proc import datafile='a:times1and0.xls'out=one replace; 
run; 
proc sort; by la latime steam day block hd; 
proc means noprint; by la latime steam day block hd; 
 var mox; 
 *var tpa; 
 *output out=mmm mean=mtpa; 
 output out=mmm mean=mmox; 
run; 
proc mixed data=mmm; 
class la latime day steam block; 
model mmox=la|latime|day|steam/ htype= 3 outp=rrr; 
*model mtpa=la|latime|day|steam/htype=3 outp=rrr; 
random block; 
lsmeans la|latime|day|steam/pdiff; 
ods listing exclude lsmeans diffs; 




proc print data=nnn; run; 
proc gplot data=nnn; where effect='la*steam'; 
 plot estimate*steam=la; 
 symbol1 i=join; 





class la  day steam; 
model toughness =la|day|steam / htype= 3 outp=rrr; 
*model Hardness=la|day|steam / htype= 3 outp=rrr; 
lsmeans la*day*steam/pdiff; 
ods listing exclude lsmeans diffs; 









proc import datafile='a:color3.xls' out=one replace; 
run; 
proc sort; by day steam la hd; 
proc means noprint; by day steam LA hd; 
 var L; 
 *var a; 
 *var b; 
 output out=mmm mean=l; 
run; 
proc mixed data=mmm; 
class Day steam la ; 
model L = day|steam|la/htype= 3 outp=rrr; 
*model a = day|steam|la/htype=3 outp=rrr; 
*model b = day|steam|la/htype = 3 outp=rrr; 
lsmeans la*day*steam/pdiff; 
ods listing exclude lsmeans diffs; 
ods output lsmeans=nnn diffs=ppp; 
%include 'a:pdmix800.sas'; 
%pdmix800(ppp,nnn); 
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